An expression profile of active genes in a human neuroblastoma cell line CHP134 was obtained by collecting 1222 partial sequences from a 3'-directed cDNA library representing a non-biased mRNA population. By comparing this expression profile with the compiled profiles of multiple tissues, several novel gene transcripts that appeared only in the profile of the neuroblastoma cell line were identified. Further analyses by Northern blotting revealed two specific cDNA clones that are expressed in most of the human neuroblastomas examined, and three that are in some of the human neuroblastoma cell lines as well as in the adult human brain. Full-size cDNAs were cloned using these five partial cDNA sequences as probes and sequenced. A database search revealed that they are all novel and unique sequences: one sharing some amino acid sequence similarities with a cytoskeletal protein, two clones likely to be transcriptional factors, a clone that has characteristic potassium channel properties, and a clone that is non-homologous to any one of the known proteins. Thus, we argue that the collection of 3'-directed cDNA sequences in combination with the compiled expression profiles of active genes in multiple tissues is a powerful tool for discovering novel genes that are specifically expressed in a given cell or tissue, in this case neuroblastomas and/or nerve tissue.
Introduction
tion of unique genes and are called gene signatures (GS). Identification of genes and their level of expression in the Large-scale collection of partial cDNA sequences is a source cells is the major concern in this analysis. The powerful tool for providing mapping markers, or for ana-expression profiles of active genes differ from cell to cell lyzing a profile of active genes in a tissue or cell type. De-O r tissue to tissue, reflecting the physiological properties pending upon how they are used, the construction of the o f the cells or tissues. When such profiles are compiled, library, or the region of mRNA to be represented, must g e n es expressed in only one cell type can be identified: differ. 1 Similarity or motif searches in DNA databases they are very likely to be cell type-specific genes, using these partial cDNA sequences facilitate the discovWe applied this strategy to discover genes that are ery of new genes that have amino acid sequence motifs uniquely active in the human neuroblastoma cell line of interest. In addition, the collection of partial cDNA CHP134, which has been derived from the clinical stage sequences can be used to monitor a gene-product-based i v neuroblastoma tumor tissue in the left adrenal area of cellular phenotype through the quantitative analysis of a 13-month-old male, possessing several neuron-specific mRNA populations. 2 For this purpose, we constructed characteristics. 3 Human neuroblastoma is a malignant a 3'-directed cDNA library that faithfully represents the neoplasm that arises from neuroblasts or undifferentimRNA population, picked clones randomly, and collected a t e d nerve cells of sympathetic nerve origin in the adrenal short sequences covering the poly(A) tail through the m e dulla or sympathetic ganglion. It is one of the comnearest Mho I site. These sequences represent a collec-m o n e s t solid tumors in children. Several cell lines have
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312
Cloning of New Genes from Neuroblastoma Cell Line [Vol. 3,  In this paper, we report the expression profile of active genes in the CHP134 cell line. We selected five genes that are specifically expressed in neuroblastoma cell lines and in the adult human brain, and sequenced them. These novel genes were found to encode proteins related to thymosin (34, a paired type homeobox protein, a potassium channel, AMY and a basic helix-loop-helix protein NeuroD.
Materials and Methods

Cell lines
A total of six human neuroblastoma cell lines (CHP134, LA-N-1, LA-N-2, MC-NB-1, NB69, and IMR-32), the human hepatoma cell line HepG2 and the human cervical carcinoma cell line HeLa were used as RNA sources. Detailed information on neuroblastoma cell lines is described elsewhere. 4 Neuroblastoma cell lines were grown in RPMI 1640 plus either 10% fetal bovine serum (FBS; CHP134, LA-N-1 andLA-N-2) or 15% fetal bovine serum (FBS; MC-NB-1, NB69 and IMR-32). HepG2 and HeLa were grown in DMEM plus 10% FBS.
Construction of 3
1 -directed cDNA library and sequencing CHP134 mRNA was prepared and used as a template for cDNA synthesis. Construction of the 3'-directed cDNA library and transformation into Escherichia coli were done as described 5 with minor modifications. In brief, double-stranded (ds) cDNA was synthesized using a pUC119-based vector primer, digested by Mbo I, circularized and transformed into competent E. coli DH5. Bacteria were plated onto nutrient agars with 50 /ig/ml of ampicillin. The plasmid DNAs of more than 1800 clones randomly selected from the transformants were purified. The inserted cDNAs were amplified by polymerase chain reaction (PCR) using flanking primers, and the products were subjected to cycle sequencing with dye-labeled primers on Applied Biosystem Sequencers (Mountain View, CA, USA).
Data analyses for expression profile
The poly(A) tail was removed from the sequenced data after a check of the chromatographic profiles, leaving three A's as a marker. From the resulting sequenced data, those having inserts shorter than 20 bp, or those having more than 5 ambiguous bases (N) within the initial 100 bases, were discarded. The sequences of the remaining clones were truncated where the N content exceeded 5%, and the final N was replaced by an X to mark the point of truncation. The resulting sequences are referred to as GS. The GS were compared with one another regarding the frequency of appearance in the library, and then asked GenBank (Rel. 91) for gene identification using the FastA program. 6 
2.4-Northern blot analysis
Total RNA was prepared from cultured CHP134, LA-N-1, LA-N-2, MC-NB-1, NB69, IMR-32, HepG2 and HeLa cells using the acid guanidinium thiocyanatephenol-chloroform method. 7 For Northern blots, 30 /xg of total RNA for each cell line was loaded into formalineagarose gel and transferred onto Hybond N-plus (Amersham, Aylesbury, UK) according to the procedure recommended by the manufacturer. As a size standard, an RNA ladder (BRL, Gaitherburg, MD) was loaded in parallel lanes. The Northern blots from eight tissues of human origin, namely pancreas, kidney, skeletal muscle, liver, lung, placenta, brain and heart, were purchased from Clontech (California, USA). Whole insert cDNA (25-100 ng) was labeled with [a-32 P]dCTP by the random-priming method (Multiprime DNA Labeling System, Amersham), the specific activity being approximately 5 x 10 8 cpm//ig. Hybridization was carried out overnight at 42 °C in 50% formaldehyde, 5x SSC, 5x Denhardt's, 5 mM EDTA, 0.1% SDS, 7% dextran sulphate containing 200 /ttg/ml salmon sperm DNA. Filters were washed once in 2x SSC, 0.1% SDS at room temperature, once in the same buffer at 50°C and twice in O.lx SSC, 0.1% SDS at 60°C.
Construction of cDNA library enriched with full-
size cDNAs Poly(A)+ RNA (5 /itg) from the human neuroblastoma cell line IMR32 served as a template for first-strand cDNA synthesis using oligo (dT) as a primer and SU-PERSCRIPT II RNase H-Reverse Transcriptase (BRL). The second strand was synthesized using E. coli DNA polymerase I, DNA ligase and RNase H. The ds cDNA was treated with T4 DNA polymerase and ligated to a 100-fold excess of EcoRl adaptors. The cDNA was sizeselected on a 1% agarose gel (> 400 bp) and ligated to £toRI-digested Lambda MOSSlox (Amersham) according to the procedure recommended by the manufacturer.
Results
Expression profile of active genes in the human
neuroblastoma cell line CHP134 A total of approximately 1800 transformant clones were randomly selected and analyzed by single-pass sequencing. Among them, 1222 clones were informative gene signatures (GSs). Essentially identical sequences were lumped together as a single GS species. Through this operation, 96 GSs were attributed to 7 species that appeared 10 times or more, and 466 GSs were attributed to 160 species that appeared more than twice but less Numbers of GS species are listed according to their abundance among the 827 GSs for chromosome-encoded genes.
than 10 times. The remaining 660 species appeared only once. Altogether, 827 species of GS were represented in the collection ( Table 1 ). The expression profile, which lists the active genes in the human neuroblastoma cell line CHP134 in descending order by frequency, is shown in Table 2 . In this table, only those genes whose cDNA clones appeared 3 times or more in the library are listed for clarity's sake, but others can be accessed on the World Wide Web (http://www.imcb.osaka-u.ac.jp/bodymap). A significant number of the identified genes in Table 2 are related to protein synthesis (e.g., elongation factor and ribosomal proteins), nucleosomes (e.g., H3.3 histone and nucleolar protein) and the cytoskeleton (e.g., thymosin beta-4, prothymosin alpha and beta-actin), reflecting the rapid growth of the neuroblastoma cell line. The transcripts of other genes, whose functions are related to cellular metabolism, signal transduction, regulation etc., appear in less-abundant classes, where there are also many hitherto unidentified gene transcripts.
We have already published expression profiles of active genes in other cell types, including HepG2, 2 the promyelocyte-derived HL60, the granulocytoid and monocytoid cells derived from HL60, 8 colonic mucosa 9 and lung. 10 These data are also listed in Table 2 . Genes relating to protein synthesis that are presumably distributed ubiquitously have been shown as active in several of the cultured cell lines.
Identification of neuroblastoma-specific and/or
nerve tissue-specific GS By comparing the expression profiles in Table 2 , we found seven GSs (GS08703, GS08795, GS06869, GS08702, GS08731, GS08831, and GS08886) that appear only in the profile of CHP134. These GSs represent novel genes, as they do not show homologies with sequences registered in GenBank. In addition to these, we also searched for GSs that appeared once or twice, and selected several clones that seem to be CHP134-specific (data not shown). However, because categorization with low-frequency GSs is inaccurate at this stage of analysis, we selected only six of them (GS04602, GS04665, GS08700, GS08730, GS08740, and GS08887) for further analysis. We also included two GSs (GS05389 and GS07656) for analysis that appear in the profile of CHP134, as well as in the profile of nerve tissues (data not shown). Altogether 15 GSs (GS04602, GS04665, GS05389, GS06869, GS07656, GS08700, GS08702, GS08703, GS08730, GS08731, GS08740, GS08795, GS08831, GS08886 and GS08887) were subjected to further analysis.
Northern blotting tests revealed that, among these 15 GSs, 5 show neuroblastoma-specific expression patterns. Of these, two (GS08703, GS08886) were active only in human neuroblastoma cell lines and three (GS08740, GS05389, GS07656) were active in some neuroblastoma cell lines, as well as in the adult human brain (Fig. 1) .
GS08703 hybridized with a single 0.8-kb mRNA transcript, and its expression level was high in all neuroblastoma cell lines. No signal was detected in other cell lines or in the eight adult human tissues. GS08886 hybridized with a single 3.0-kb mRNA transcript, and the expression patterns were similar to those observed with GS08703. No signal was detected in other cell lines or tissues. GS08740 hybridized with three mRNA transcripts, 1.5-kb (major), 3.8-kb and 9.5-kb (minor) in size. In the human brain tissue, a 9.5-kb transcript appeared as a major component and 1.5-kb and 3.8-kb transcripts appeared as minor components. There was no expression in the other cell lines or tissues tested. GS05389 hybridized with four neuroblastoma cell lines (CHP134, LA-N-1, NB69 and IMR-32) and also in the brain tissue, producing a single prominent 1.3-kb mRNA transcript. A weak additional signal appeared in two neuroblastoma cell lines (LA-N-2 and MC-NB-1), but not in other cell lines or tissues. GS07656 hybridized with two neuroblastoma cell lines (CHP134 and IMR-32) producing a single prominent 2.6-kb mRNA transcript. A weak signal appeared in three of the neuroblastoma cell lines (LA-N-1, MC-NB-1 and NB69). This signal was also detected in the adult brain upon longer exposure. No signal appeared in other cell lines or tissues. 
Analysis of the full-length cDNA clones
A cDNA library of the neuroblastoma cell line IMR32 was made and screened using each of the above five GSs as a probe to obtain the full-length cDNA clones. In each case, the clone with the longest insert was selected and used for analysis. The results are summarized as follows: GS08703: The corresponding mRNA comprises 646 nucleotides (nt) and contains an open reading frame (ORF) of 45 amino acids spanning nt 98-232, and a polyadenylation signal AATAAA is located 19 bases upstream from the site of polyadenylation. A database search showed that the predicted amino acid sequence has a significant homology with that of both human thymosin (34 and thymosin (310 (71% to thymosin (34 and 62% to thymosin /310) (Fig. 2) . We therefore identified it as a new gene of thymosin (3, and designated it as NB thymosin (3 (NB for neuroblastoma). NB thymosin (3 has 80% amino acid identity in the putative actin-binding domain defined in thymosin (34. 11 A comparison of the nucleotide sequences among NB thymosin (3, thymosin (34 and thymosin /510 indicates that the regions coding for the protein, but not the noncoding regions, show significant homology. GS08886: The corresponding mRNA comprises 3074 nt and contains an ORF of 314 amino acids spanning nt 361-1302 and having the 5' end with the TGA stop codon in front of the presumable translation start site. A polyadenylation signal AATAAA is located 17 bases upstream from the site of polyadenylation. This clone encodes a novel protein with a homeodomain 12 ( Fig. 3a ) that is significantly homologous with those in the various members of the paired type (prd) homeobox genes (Fig. 3b) . We designated this new gene as NBPhox (NB for neuroblastoma). The amino acid sequences of the NBPhox and Phox2 homeodomains both cover 60 amino acids and are a perfect match (Fig. 3a) , but outside the homeodomain, no significant sequence similarity is observed. A proline-rich domain, 17 out of 93 amino acids (18%), lies between amino acids 192 and 284, and a strikingly glycine-rich domain, 30 out of 94 amino acids (32%), lies between amino acids 196 and 289. In addition, two repeats rich in alanine are located in the carboxyterminal region of the homeodomain (Fig. 3a) . GS08740: This message consists of 1448 nt and contains an ORF of 393 amino acids spanning nt 178-1356. This clone may contain the entire ORF, since the sequence CACCATGGTG is very similar to the Kozak consensus sequence.
13 ' 14 Of note is the absence of a consensus polyadenylation signal before the 3'-poly(A) end. The deduced amino acid sequence is shown Fig. 4a . It has six hydrophobic potential membrane-spanning domains (SI, S2, S3, S4, S5 and S6) which are structurally similar to those of voltage-gated potassium channels. This protein also has a region with positively charged amino acid residues (arginine) within the S4 segment at every third position except for the glutamine at position 204, a structure characteristic of the voltage sensor in voltage-gated potassium channels. 15~19 We therefore designated this new gene as HNSPC, which stands for human neuronspecific potassium channel. A segment similar to H5 with a motif (TXXTXGYG) that is used for lining the pore in voltage-gated potassium channels is also noted (Fig. 4b) . Outside these segments, there is no significant sequence similarity.
GS05389: The corresponding mRNA comprises 1015 nt and contains an ORF of 135 amino acids spanning nt 286-690 and having the 5' end with the TAG stop codon in front of the putative translation start site. A polyadenylation signal AATAAA is located 12 bases upstream from the site of polyadenylation. A database search showed a significant homology with the amino acid sequence of rat AMY, whose function is unknown (Fig. 5) . Based on the 96% identity for the deduced amino acid sequence, this cDNA is most likely the human counterpart of rat AMY. NBPhox *S*TDPDSTGG*PGPNPNPTPSCGANGGGGGGPSPAGAPGAA*GPGGPGG 234 Phox2
NBPhox EPGKGGAAAAAAAAAAAAAAAAAAAAGGLAAAGGPGQGWA* « * * * * »pQ* 276 Phox2 Q_L--«-LW-GV-GG***********--**** T-A-ELLKAWQ-AE 254 NBPhox PGPITSIPDSLGGPFGS*VLSSLQR*PNGAKAALVKSSMF 314 Phox2 ********_*__._G FH-K-* -P* -* -* -TNL-280 Based on the 97% identity for the deduced amino acid sequence, this clone is most likely the human counterpart of mouse NeuroD. 
Discussion
Expression profiling of active genes has been initiated to elucidate the qualitative and quantitative aspects of gene expression in diverse tissues, i.e., normal, malignant or affected ones.
1 ' 2 ' 8 " 10 Since neuroblastomas appear to arise from neuroblasts or undifferentiated nerve cells of sympathetic nerve origin, we can assume that a cDNA library made from neuroblastomas will include genes that are specifically expressed in the developing nervous system. Accordingly, our neuroblastomabased cDNA collection was expected to be a good source for finding novel neuron-specific genes. Although most of the identified genes that showed high-level expression in the expression profile of neuroblastoma were re- 41 Shaker, 42 Shab, Shaw and Shal. 43 Identical residues are indicated by a dash. The conserved amino acids for the potassium channels (TXXTXGYG) 44 are indicated by asterisks.
lated to protein synthesis and nucleosomes, there were some, such as pl8 protein (GS00608), 22 Nm23 protein (GS00714), 23 DDX1 (GS08750) 24 and ornithine decarboxylase (GS00836) 25 that are known to be related to the tumor phenotypes of neuroblastomas. Among the genes in the profile with a low expression level, there were several neuron-specific ones including neuron-specific enolase (GS04655), secretogranin II (GS09009) and carboxypeptidase E (GS03148). We selected five novel genes from the low-frequency group that are likely to be uniquely active in the neuroblastoma, (and in the brain, in some cases), and sequenced them.
NB thymosin (3 has a significant similarity with both thymosin /34 and /310. Safer et al. (1991) have shown that thymosin /34 binds with G-actin at a 1:1 molar ratio, and is probably the major actin-sequestering protein. Since NB thymosin (3 has the putative actin-binding domain ( Fig. 2) and is expressed uniquely in human neuroblastomas (Fig. 1) , this protein may also interact with Gactin within migrating neuroblast cells. It may be used as a new molecular marker for human neuroblastomas.
The region of the amino-terminal of NBPhox is very similar to that of Phox2, which regulates the expression of NCAM as an activator. 26 However, the alanine-rich and proline-rich domains are located in the region of the carboxy-terminal of NBPhox, but not of Phox2 (Fig. 3a) . Similar sequences have been identified in the repression domains of the Drosophila repressors Eve and En. 27 ' 28 Therefore, NBPhox is probably a new transcriptional repressor involved in regulating gene expression in neuroblastomas. HNSPC has all the structural characteristics of a voltage-gated potassium channel. This gene is expressed specifically in the nervous system, and in Northern blot analysis three transcripts are made. A 1.5-kb transcript is abundant in neuroblastoma cell lines, while a 9.5-kb transcript is abundant in the adult brain. In fetal brain, both 1.5-kb and 9.5-kb transcripts, but not a 3.8-kb transcript, are abundant (data not shown). These transcripts may be developmentally regulated. Further studies aimed at the identification of cDNAs derived from the 3.8-kb and 9.5-kb transcripts are necessary.
Rat AMY has been isolated as a novel neuron-specific cDNA differentially transcribed from a single gene using different promoters and alternative splicing. Four different transcripts are made, mostly in the brain. 29 The expression pattern of human AMY was very similar to that of its rat counterpart. The function of this gene is not clear, but its abundance in the brain suggests some essential role in nerve tissue.
NeuroD was discovered as a novel neuron-specific ba-sic helix-loop-helix protein, transiently expressed in differentiating neurons in mice and frogs, and was found to play an essential role in neurogenesis. 20 The human counterpart of neuroD is expressed in the adult human brain, as well as in some neuroblastoma cell lines. In the brain, neuroD mRNA is observed specifically in the granule cell layer of the cerebellum, 21 suggesting that NeuroD not only functions as a differentiating factor for neurogenesis, 20 but also has some other role(s) in mature neurons.
This work has shown the power of expression profiling for categorizing genes.
1 Genes for housekeeping functions can be identified as those that ubiquitously act in various types of cells and tissues, whereas cell-, tissue-and/or organ-specific genes can be represented by those GSs that appear only in a given type of cell, tissue and/or organ. The tissue-specific GS can be used as a probe for isolating the corresponding full-sized clone. As examples, we isolated two full-sized neuroblastoma-specific genes and three nerve system-specific genes. Although categorizing genes through the use of expression profiles is limited to those GSs that appear moderately to abundantly in the profiles, further extension of the collection of expression profiles will enable us to identify and isolate novel cellspecific genes more efficiently.
